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' EXCIMER LASER-ASSISTED DEPOSITION OF GaAs, AlAs, AND |Al.GaJAs FROM
: LEWIS ACID-BASE ADDUCTS

,‘; J.J. ZINCK, P.D. BREWER, J.E. JENSEN, G.L. OLSON AND L.W. TUTT

‘;‘::;‘ Hughes Research Laboratories, Malibu, CA 90265
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’ ABSTRACT

N Laser-assisted deposition of GaAs., AlAs and [Al.Ga]JAs thin fiims on Ge(100)

Ay substrates from trimethylgallium-trimethylarsenic and trimethylaluminum-

‘{E‘i trimethylarsenic Lewis acid-base adduct source materials is reported. A parametric

N study has been performed in which reactive gas pressure, substrate temperature,

" laser fluence. laser wavelength (248 nm or 193 nm). and orientation of the laser
beam with respect to the substrate have been varied. In the case of irradiation

S parallel to the substrate, stoichiometric films of GaAs and [Al.Ga]As have been

:Q:gﬂ' obtained. The data suggest that for irradiation perpendicular to the substrate a

;‘s competition exists between desorption and photodeposition, which adversely affects

;o:,-' film stoichiometry under the conditions studied.

i

e INTRODUCTION

.‘.\

¢ . . . .

W Laser-assisted reactions are being actively investigated as a means for

depositing compound semiconductor films at reduced temperatures and with a

i degree of spatial controi not available with conventional thermal methods.

Particular attention has been directed toward the laser issisted deposition of HI-V
materials. For example. InP has been deposited via ArF {193 nm) excimer laser

".;:: dissociation of organometallic starting materials [1]. and GaAs has been deposited
e using a cw Ar laser beam tor spatially localized heating [2-4]. In this paper, we
o discuss recent work on the excimer laser-assisted deposition of GaAs, AlAs, and
.::A, [Al.Ga]As from organometallic Lewis acid-base adducts, specifically. trimethylgallium-

trimethyiarsenic {GaAs adduct) and trimethylaluminum-trimethylarsenic (AlAs
adduct). Adducts offer several potential advantages over conventional gas source

e materiais. These include, for example, the ability to depcsit stoichiometric fiims
.Afc: using a single reactant gas, and the use of wavelengths longer than 193 nm to
::o promote the deposition reaction.
o Previously. we have demonstrated that stoichiometric films of GaAs could be
h produced by irradiation of the GaAs adduct at its equilibrium vapor pressure
{approximately 7 Torr at 25°C) in a static gas cell at 248 nm [5]. In the present
Lt work we have utilized a low pressure metalorganic chemical vapor deposition
::( (MOCVD) system, and have performed a systematic variation of reaction
',ﬁ.’:.'_ parameters in order to establish conditions under which stoichiometric films could
ARX be obtained: the ultimate goal being the low temperature growth of epitaxial layers

Y with controlied composition. Experimental parameters which were varied include:
reactant gas pressure, substrate temperature. laser fluence. laser wavelength (193 or

‘T"-:. 248 nm) and orientation of the incident laser pulse with respect to the substrate
“righ (parallel or perpendicular). In addition, we have extended the earlier studies to
e include an investigation of the AlAs adduct.

v

EXPERIMENTAL

The low pressure MOCVD system is shown schematically in Fig. 1. The
i reaction vessel consisted of a modified stainless steel six-way vacuum cross which
was pumped by a Balzars 110 | s turbomolecular pump (TMP). The base pressure
of the system was approximately 10 Torr. During deposition experiments, the
TMP was isolated from the system by a vacuum gate valve, and the chamber

N was pumped by a liquid nitrogen-trapped mechanig Vmp. I-Bium2ag'er g2 gasl
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EXCIMER LASER PULSE 16674.13A1

HELIUM MFC U HELIUM WINDOW
PURGE SHROUO

SAMPLE HOLDER MOUNTING
FOR IRRADIATION PARALLEL
TO SUBSTRATE

COUPLING FLANGE TO GATE
VALVE AND TURBO PUMP
SUBSTRATE.

SHUT OFF
VALVE

]
fﬁ‘:‘,’v“&"“;’:ge + IREGULATING VALVE

[ TO LIQUID NITROGEN
' RESISTIVELY HEATED
[}
SAMPLE HOLDER :z:ﬂ’;’so MECHANICAL

REACTIVE GAS MFC'S
Fig. 1. Low pressure MOCVD system.

passed through an oxygen and water filter before entering the reactive gas bubblers
and was then introduced into the reaction chamber using mass flow controllers.
Typical flow rates for the reactive gases and for the helium window purge were
200 and 700 sccm respectively. The total pressure in the chamber, usually
maintained at 15 Torr. was controlled by a capacitance manometer and regulating
valve feedback assembly. The sample was mounted with In to a resistively heated
stage to ensure good thermal contact. The stage temperature could be varied from
20°C to 700°C. The temperature was monitored using a thermocouple which was
embedded in the heater stage, while a proportional cont>ller maintained a constant
temperature during deposition. The sample holder allowed substrates to be
mounted either horizontally or vertically in the chamber so that laser irradiation
either normal or parallel to the substrate could be performed.

A Lumonics TE861-4 excimer laser was used as the UV source in these
experiments. The laser was operated at either 248 nm (KrF) or 193 nm ;ArF) at
a repetition rate of 10 Hz. The laser fluence was varied from 20 mlJ/cm® to 300
mJ/cm® in a typical set of experiments. Laser fluences reported have not been
corrected for absorption by the gas. At 193 nm, d4ssuming a 6 cm optical path
length, we estimated a 2% attenuation at the substrate for tvpical pressures used
for AlAs deposition. and a 20% attenuation for typical pressures used for GaAs
deposition. There was negligible attenuation of laser fluence at the substrate due to
absorption of the adducts at 248 nm.

The GaAs adduct was obtained as electronic grade {99.9999%) from Alfa
Products and was used without further purification. The AlAs adduct was
synthesized in our laboratory by combining timethytaluminum (TMAI} with a 5-10%
excess of trimethylarsenic (TMAs) and subliming the resultant solid adduct onto a
cold finger at -30°C. The vapor pressure of the AlAs adduct at 25°C was ~0.5
Torr. Partial pressures of the adducts used in our experiments varied from 10
Torr to 0.4 Torr. A typical growth period was on the order of 30 minutes.
Composition of the deposits was determined by Auger Electron Spectroscopy (AES].

It is important to note that these adducts are in dissociation equilibrium
with their Lewis acid-base components,

(CH,),Ga:As(CH,), = (CH,),Ga ~ (CH,) As AH =10 kcal/mole (6]
(CH,),AkAs(CH,), = (CH)) Al - (CH,),As AH =25 kcal/mole [7]

The degree o: dissociation is atfected by both pressure and temperature, to an
extent determined by the tree energy associated with the reaction.

The UV absorption spectra of the two adducts, at their equilibrium vapor
pressures at 25°C, are presented in Fig. 2. Using these spectra, we calculated an
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Fig. 2. UV absorption spectra of the adducts. The cell pathlength is 13 mm.
(a) GaAs adduct at 7 Torr. (b) AlAs adduct at 0.5 Torr.

extinction coefficient on the order of 10° (Torr-cm)x at 248 nm for each adduct.
We have also determmed the extinction coefficient for TMAs at 248 nm to be on
the order of 16* (Torr-cm)'. Measured extinction coefficients for the GaAs adduct,
AlAs adduct and TMAs at 193 nm were 1, 0.3, and 4 (Torr- cm)!, respectively.

The Ge(100) substrates were obtained in 99.9999% purity from Eagle Picher.
Substrates were degreased in boiling dichlorodifluoroethane. acetone, and methanol,
and were subsequently etched in a room temperature 10:1 solution of H,O:HF
followed by an etch in a room temperature 5:3:1 solution of H,O: HNd :HF.
Freshly etched substrates were immediately mounted with In on the sample holder
and placed in vacuum. Prior to admitting any resctive gas to the reaction
chamber, the substrate temperature was raised brietl: to 600°C to desorb any
oxide from the surface.

RESULTS AND DISCUSSION

GaAs deposition

Significant differences in film composition were observed as a function of laser
wavelength, laser fluence, and orientation of the laser pulses with respect to the
substrate. Best results were obtained when 193 nm pulses were directed parallel
to the substrate. Under these conditions smooth. reflective and stoichiometric
deposits were obtained.

Depositions performed at 248 nm using the GaAs adduct and a substrate
temperature of 25°C resulted in films which were As deficient. Only in the cases
of the highest adduct partial pressure used (0.4 Torr), or where excess TMAs was
added to the adduct in the reactor (TMAs/TMGa:TMAs = 11 and 17), was any
As detected in the films by AES analysis. This is in marked contrast to the
results of our static cell experiments, described previously. However, the static
cell experiments were performed at the equilibrium vapor pressure of the adduct, ~7
Torr at 25°C. We suggest that the difference between our static cell and low
pressure MOCVD experiments is explained by the increasing dissociation of the
adduct as its partial pressure is reduced below its equilibrium vapor pressure.
Using available thermodynamuc data [6|, we calculate that the adduct is 100%
dissociated at 10 Torr partial pressure. The addition of excess TMAs to the
adduct in the gas phase will shift the equilibrium in the direction of the associated
adduct.

The As/Ga ratio in the deposited films as determined by AES analysis is
plotted as a function of associated adduct pressure in Fig. 3. The data show that
the As content of the films increases as the pressure of associated adduct in the
gas phase is increased. This is consistent with the hypothesis that for the
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majority of the adduct partial pressures used in our low pressure MOCVD
experiments the adduct is completely dissociated. The resultant films are As
deficient because TMAs is a weak absorber at 248 nm. Considering that
stoichiometric films were deposited in the static cell experiments, these results also
suggest that absorption of 248 nm photons by the associated adduct molecules
does not result in the release of ground state TMAs alone. {n addition.
photodissociation of the adduct must result in a product ( e.g. an excited state or
fragment of TMAs) which either absorbs at 248 nm or adsorbs on the substrate
surface.

We have studied the effect of increasing laser fluence at 248 nm on film
stoichiometry in a set of experiments in which the adduct partial pressure was on
the order of 10° Torr, the substrate temperature was 25°C. and the laser beam
was oriented perpendicular to the substrate. As the laser fluence was increased
above 140 mJ/cm’, the As;Ga ratio in the films was observed to increase. At the
highest laser fluence used (200 mJcm?) the As, Ga ratio was 0.17. We have
calculated the transient surface temperature rise during the laser pulse using an
approximate solution to the heat flow equation, which is appropriate when the light
absorption length is small compared with the heat diffusion length [8]. At 140
mJlicm’ the transient temperature rise is on the order of 400°C. which places the
substrate surface at the threshold temperature for thermal decomposition of TMAs.
Therefore. the increased As content of the films at higher laser fiuences may occur
as a result of pyrolysis under these conditions.
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fig. 4. Deposit stoichiometry as a function of laser fluence. Results from 193 nm
irradiation of the GaAs adduct. P = 2x10° Torr, T, = 300°C.
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N Depositions were performed at 193 nm using the GaAs adduct at a partigl
pressure of 2x10% Torr and a substrate temperature of 300°C. The As/Ga ratio
as a function of laser fluence is presented in Fig. 4, for both parallel and
perpendicular irradiation conditions. In the case of irradiation perpendicular to the

g e et .

U substrate, the films were nonstoichiometric. Temperature calculations indicated tl:\at
i the substrate surface was being heated to a temperature (>600°C) at which
! desorption of As from the surface could be occurring. A competition between
3‘3{:‘ photodeposition and desorption is suggested which would adversely affect film
A

stoichiometry. .
. In marked contrast to the results obtained using perpendicular irradiation, in
i the case of parallel irradiation. a stoichiometric film was obtained. SEM
examination of the deposited layer showed that the surface was smooth on a
micron scale. In addition, this stoichiometric film was deposited with a gas phase

i HI/V ratio of only 1:1.

B
o AlAs deposition
‘0."‘
,
:?. The AlAs adduct has been estimated to have a donor acceptor bond strength
RK on the order of 25 kcal/mole {7]. 15 kcal/mole stronger than the GaAs adduct.
ft Although entropy data were not available for the AIAs adduct, we assumed a

: similar entropy as for the GaAs adduct., and calculated that there should be
et negligible dissociation of the AlAs adduct at 25°C and the pressures used for these
4, experiments. Therefore, given this assumption, when the partial pressure of the
&* AlA f . oy . .
‘) s adduct was reduced from its equilibrium vapor pressure {approximately 0.5
i\g Torr) to the parti}al pressure typically used in the low pressure MOCVD system
' {approximately 10" Torr), the adduct shouid have remained associated.
Rad In support of this hvpothesis, films deposited frem the AlAs adduct onto a
e 25°C substrate using 248 nm laser pulses oriented perpendicular to the substrate
ol contained significant amounts of As, even at low partial pressures of the AlAs

'.‘;-r. adduct. The As. Al ratio as determined by AES analysis is plotted as a function

Y ot 248 nm laser fluence in Fig. 5, for both parallel and perpendicular irradiation.

;& These titms were still nonstoichiometric, suggesting either a partial dissociation of
SR the adduct, and.or a competition between photodeposition and desorption.
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44 In the case of irradiation parallel to the surface, where surface heating could
I not be adversely affecting stoichiometry, no film was visible on the substrate.
' Auger analysis of the surface revealed only a small quantity of Al. The
Yy observation that a deposit results from direct irradiation of the surface, and no
"-"' deposit resuits from non-surface irradiation.'suggests ’that photodeposition from the
O AlAs adduct at 25°C results from photolysis of physisorbed layers of the adduct on
‘*‘—\ the substrate surface. .

W The Al/As ratios in films deposited from the AlAs adduct at 193 nm for

several pressures. substrate temperatures and laser fluences are presented in Table
. In all cases the deposited films were As deficient. In the case of irradiation

g2 parallel to the substrate, once again no deposit was observed. and AES a.nalysis
‘R\" indicated only a trace amount of Al and As on the surface. We have evidence,
;Y which we will present in the next section., that at the highest substrate temperature
;\’{: (300°C), the AlAs adduct is dissociated in the vicinity of the substrate surface.
N This suggests that in the deposition of AlAs a surface nucleation step is required
to initiate film growth by adsorption of Al. which necessitates direct surface
i irradiation. A strong surface component for the photolysis of TMAI in the
'.:-: deposition of Al films has previously been reported by Ehrlich et al. [9].
-
"
1‘. Table |I. Conditions and results for the deposition of AlAs using
-t 193 nm irradiation
D
'{::“ Pt torrl T (°C} Laser Fluence (mJ:cm®) As Al Ideposit)
SN
o 2x10'° 207 20 iperpendicular) 0.36
B 2x10§ 207 36 {perpendicular) 0.45
1x10 305 78 {perpendicular! 0.36
‘. 1x10°} 305 165 (perpendicular) 0.10
i 1x10° 305 306 (parallel] 0.16
P
1P
:f‘?'
‘T)- |Al.Ga]As deposition
l‘:.:‘:
el We have used combinations of the GaAs and AlAs adducts in the gas phase
a: to deposit films at both 248 nm and 193 nm. A summary of the deposition
™, conditions and resultant film compositions is given in Table Il. No As was found
O in any of the fiims deposited at 248 nm, at a substrate temperature of 300°C, and
with the laser oriented perpendicular to the substrate. This led us to conclude
K- that at 300°C the AlAs complex was dissociated in the vicinity of the substrate
::' surface, releasing TMAs which did not absorb at 248 nm. In addition, the gas
i.‘, %hase ratio of Ga Al was not reflected in the deposit, suggesting a thermal loss of
<+ a.
“ At 193 nm. with irradiation perpendicular to the substrate and a substrate
) temperature of 300°C. a similar trend was noted with the Ga Al ratio in the gas
| phase and in the deposit. In this case. As was present in the films because
9 TMAs absorbs at 193 nm. However, the films were nonstoichiometric. We
::; attribute this to a competition between photodeposition and desorption, under the
o conditions studied. In the case of parallel irradiation the situation was greatly
:.‘ improved, as can be seen in Table . Under these conditions the Ga/Al ratio in
both the gas phase and deposit were comparable. and the films were
KON stoichiometric. Once again, these films were deposited with a gas phase HI/V ratio
RS of only 1:1.
::.. It is surprising that a stoichiometric film of [Al.Ga]As could be deposited with
“,’:'.. parallel irradiation when it was not possible to obtain any deposit of AlAs with
o parallel irradiation. A possible explanation for this may be that the [Al.Ga|As film
it was nucleated by Ga, and that the first few atomic layers were actually GaAs.
Once this thin layer of GaAs was established, growth of [Al.Ga]As proceeded.
5,0
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Table Il. Conditions and results for the deposition of [AI.Ga]As

A (nm) Laser fluence (m.l/cnﬁ Ga/AI _(gas) Ga/Al (deposit) II/V {deposit)

248 100 (perpendicular 14 0.2 0
248 100 (perpendicular 5 0.1 0
248 100 (perpendicular 3 0.1 0
248 100 (perpendicular 2 0 0
193 87 (perpendicular 14 0.9 0.8
193 87 (perpendicular 5 0.8 0.4
193 87 (perpendicular 3 0.6 0.2
193 87 (perpendicular) 2 0.1 0.2
193 320 (parallel) 17 20 1
193 320 (parallel) 5 5 1

Carbon content, growth rate, and film quality

A typical Auger profile for the films revealed the carbon content to be on the
order of 5 atomic percent. There is some question as to the origin of the carbon
which contaminates the film. One source of carbon could be the surface adsorption
of radical hydrocarbon species generated as photolysis products during the
deposition. However, in a recent study, carbon deposition was not observed on a
GaAs substrate at 300°C when it was exposed to a methane plasma, where CH‘
radicals were produced [10]. This suggests that in our experiments the carbon
may still have been bonded to the metal atom when it adsorbed on the substrate
surface. If this hypothesis is correct, then using highly focussed beams in a
parallel configuration, to increase the production of metal atoms versus molecular
fragments, should result in the highest quality films,

The best growth rates obtained for the stoichiometric films were on the order
of 0.03 A;pulse. Higher growth rates should be obtainable by increasing the gas
phase partial pressures of the adducts and by increasing the repetition rate of the
laser.

Stoichiometric films were shiny and reflective. However, electron channeling
studies of these deposits indicated that they were either amorphous, or had a high
defect density. The high carbon content of these tilms is probably deleterious to
epitaxial crystal growth. The addition of hydrogen in the gas phase as a
hydrocarbon scavenger may improve this condition. In addition, the maximum
substrate temperature used in this study. 300°C, may not be optimal for the
growth of an epitaxial film.

SUMMARY AND CONCLUSIONS

We have successfully deposited stoichiometric films of GaAs and [Al.GalAs
with parallel irradiation, using a gas phase II/V ratio of 1:1. Our data suggest
that in the case of perpendicuiar irradiation a competition between desorption and
photodeposition adversely aftects the production of stoichiometric films, under the
conditions studied. All deposited films were eitner amorphous or had a high defect
density. Work is currently in progress to establish the appropriate conditions to
deposit high quality epitaxial films.

The results of this work indicate that unless the donor-acceptor bond of an
adduct is sufficiently high it will dissociate into its Lewis acid-base components at
low pressures as well as moderate temperatures. It is possible to strengthen the
donor-acceptor bond by substituting more electronegative ligands on the group Il
atom or more electropositive ligands on the group V atom. Work is under way in
our laboratory to synthesize such adducts and determine their utility as source
materials for photodeposition.
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